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Light-activated, ion-pumping rhodopsins are broadly distributed among many different bacteria and archaea inhabiting the photic zone of aquatic environments. Bacterial proton-or sodium-translocating rhodopsins can convert light energy into a chemiosmotic force that can be converted into cellular biochemical energy, and thus represent a widespread alternative form of photoheterotrophy. Here we report that the genome of the marine flavobacterium Nonlabens marinus S1-08
T encodes three different types of rhodopsins: Nonlabens marinus rhodopsin 1 (NM-R1), Nonlabens marinus rhodopsin 2 (NM-R2), and Nonlabens marinus rhodopsin 3 (NM-R3). Our functional analysis demonstrated that NM-R1 and NM-R2 are light-driven outward-translocating H + and Na + pumps, respectively. Functional analyses further revealed that the lightactivated NM-R3 rhodopsin pumps Cl − ions into the cell, representing the first chloride-pumping rhodopsin uncovered in a marine bacterium. Phylogenetic analysis revealed that NM-R3 belongs to a distinct phylogenetic lineage quite distant from archaeal inward Cl − -pumping rhodopsins like halorhodopsin, suggesting that different types of chloride-pumping rhodopsins have evolved independently within marine bacterial lineages. Taken together, our data suggest that similar to haloarchaea, a considerable variety of rhodopsin types with different ion specificities have evolved in marine bacteria, with individual marine strains containing as many as three functionally different rhodopsins.
evolution | ecology | photoproteins | photoheterotroph | retinal R hodopsins are a class of membrane proteins spanning seven transmembrane domains that contain retinal as the lightabsorbing chromophore (1) . All bacterial and archaeal rhodopsins are classified as type I rhodopsins that have various functions, including light-driven outward translocating H + pumps [bacteriorhodopsin (BR), proteorhodopsin (PR), and xanthorhodopsin-like rhodopsin (XLR)], light-driven inward translocating Cl − pumps [halorhodopsin (HR)], and light-activated signal transducers (sensory rhodopsin I and II) (2) (3) (4) (5) (6) (7) . Microbial rhodopsins such as BR and HR were originally discovered in extremely halophilic archaea in the 1970s (2, 3) . For some time, noneukaryotic rhodopsins were thought to be restricted to hypersaline archaea, until a new type of proton-pumping rhodopsin, proteorhodopsin (PR), was discovered in marine bacteria (6) . Subsequent culture-independent surveys indicated that rhodopsin genes are taxonomically and geographically broadly distributed among marine bacteria and archaea and occur in a high proportion of surface-dwelling oceanic microbial species (8) . Furthermore, recent whole genome analyses coupled with biochemical and physiological analyses have revealed that some marine bacteria also have a newly discovered rhodopsin functionality, an outward Na + -pumping rhodopsin (NaR) (9) . These studies indicate that light utilization by microbial rhodopsins is a favorable survival strategy that has been broadly distributed via both vertical and horizontal transmission events, and has resulted in considerable diversification of rhodopsin's functional properties and taxon distributions.
Rhodopsins have a number of potential physiological roles related to the physiology, growth strategies, and energy budgets of diverse microbial taxa (10) . Outward cation-or inward anionpumping rhodopsins can convert light energy into a proton motive force that directly provides biochemical energy for cells via proton translocating ATPases (3, 10, 11) . In addition to ATP production, the transmembrane ion gradient created by H + or Na + pumping (BR, PR, and NaR) can be used to drive flagellar rotation (12) or active ion transport via secondary transport systems. The inward Cl − translocation by HR also may be used for the maintenance of osmotic balance in saturated brines (13) . Previous studies have shown that H + -pumping rhodopsins, such as BR and PR, have proton acceptor and donor amino acids that protonate the retinal Schiff base. These H + acceptors and donors are carboxylic amino acid residues that include residues D85 and D96 in BR and D85 and E96 in PR (BR numbering), respectively (14) (15) (16) . In contrast, these carboxylic residues are replaced by neutral amino acids in HR and NaR (T85 and A96 in Significance Ion-translocating, light-activated membrane proteins known as rhodopsins are found in all three domains of life. Protonpumping rhodopsins, such as proteorhodopsin, are known to be broadly distributed in marine bacteria. The first known sodium-pumping rhodopsin was recently described in marine flavobacterium. We report the discovery and characterization of a unique type of light-activated ion-translocating rhodopsin that translocates chloride ions into the cell and is evolutionarily distinct from the other known rhodopsin chloride pump, halorhodopsin, found in haloarchaea. Our data show that rhodopsins with different ion specificities have evolved independently in marine bacteria, with individual strains containing as many as three functionally different rhodopsins. HR; N85 and Q96 in NaR). Inoue et al. (9) suggested that NaR, carboxylic residue D89 (BR numbering) has a significant role in Na + pumping, because a D89N mutant of NaR lost Na + -pumping activity. For BR, PR, and HR, neutral amino acid residues are found at the same positions (T89 in BR, T89 in PR, and S89 in HR). These data suggest that the amino acids located in 85, 89, and 96 (BR numbering) play critical roles in determining the specificity of ion-pumping activity.
We report here that the genome sequence of an orangepigmented marine flavobacterium, Nonlabens marinus strain S1-08 T , encodes three different rhodopsins (NM-R1, NM-R2, and NM-R3). Phylogenetic analyses revealed that NM-R1 and NM-R2 are affiliated with the PR clade (D85, T89, and E96; DTE motif) and the NaR clade (NDQ motif), respectively. The sequence of NM-R3 was associated with a unique cluster consisting of rhodopsins containing an NTQ motif, different from that of functionally characterized rhodopsins. Subsequent in vitro functional analyses of the heterologously expressed rhodopsins revealed different ion specificities for each. In addition, culture experiments using low carbon-containing seawater media were conducted to determine the effect of light on growth of S1-08 T .
Results

N. marinus Strain S1-08
T Has Three Different Rhodopsins. Genome sequence analysis revealed that N. marinus S1-08 T has a single 2.9-Mbp chromosome (one scaffold consisting of two contigs), encoding 2,790 genes (SI Appendix, Fig. S1 ). Three predicted rhodopsin genes (N. marinus rhodopsins: NM-R1, NM-R2, and NM-R3) are encoded in different regions in the S1-08 T genome. With respect to the ion transport-relevant amino acid sites, rhodopsin NM-R1 contains residues D85, T89, and E96 (BR numbering, DTE motif), a typical feature of proton-pumping rhodopsins. In the same protein region, NM-R2 and NM-R3 contain residues N85, D89, and Q96 (NDQ motif) and N85, T89, and Q96 (NTQ motif), respectively. Residue K216, the site of Schiff base linkage to the retinal chromophore, is conserved in all three rhodopsins. The genome of N. marinus S1-08 T contains all of the genes required for retinal biosynthesis, including crtE (geranylgeranyl pyrophosphate synthase), crtI (phytoenedehydrogenase), crtB (phytoene synthase), and crtY (lycopene cyclase). The blh gene encoding 15,15′-β-carotene dioxygenase (17) is located adjacent to the NM-R1 opsin gene.
The phylogenetic relationships among the three N. marinus S1-08 T rhodopsins suggest that NM-R1 is affiliated with the PR clade (DTE motif) and NM-R2 is affiliated with the NaR clade (NDQ motif). Thus, the NM-R1 and NM-R2 opsins might function similarly as their close homologs, proton and sodium ion pumps, respectively. However, because NM-R3 is affiliated with a functionally uncharacterized clade of NTQ motif rhodopsins (Fig. 1A) , it was not possible to infer its ion specificity on the basis of sequence motifs and phylogenetic position alone.
Comparative analyses provided further insight into the taxonomic distributions and phylogenetic relationships of other bacterial rhodopsins containing the NTQ or NDQ motifs (Fig.  1B) . With the exception of S1-08 T , all other sequenced genomes containing rhodopsin sequences encoding the NTQ motif are classified as alphaproteobacteria, including two aerobic anoxygenic phototrophic (AAP) bacteria (18, 19) . In contrast, NDQ motif rhodopsin genes were found in the genomes of five strains in Bacteroidetes and one strain of the phylum DeinococcusThermus. NDQ motif rhodopsin encoding has been found in bacteria inhabiting ecologically diverse environments, including Truepera radiovictrix DSM 17093 T , isolated from a hot spring (20) ; Indibacter alkaliphilus LW1 T , isolated from a saline soda lake in India; and Gillisia limnaea R-8282 T , isolated from a microbial mat at Lake Fryxell, Antarctica (21, 22) . In contrast, the NTQ-carrying strains whose genomes have been sequenced to date are found only in marine environments (23, 24) .
The genome size of N. marinus S1-08 T is the smallest among the known NDQ motif-containing rhodopsins, and approximately 1 Mbp smaller than that of its closest relative, Nonlabens dokdonensis DSW-6 T (16S rRNA sequence similarity, 95.02%) (SI Appendix, Table S1 ). Although most NDQ motif (NaR) opsin-containing bacterial strains also contained opsins with the DTE motif (PR), the NTQ motif rhodopsin was found only in the strain S1-08 T genome. To further examine the evolutionary history of the various rhodopsin genes, we compared genomic flanking regions around each type (SI Appendix, Fig. S2 ) among the available genome sequences. Interestingly, nearly all strains containing rhodopsins with either NTQ or NDQ motifs (except for JLT1363, JL354, and HTCC2506
T ) encoded more than one rhodopsin gene in their genomes; for example, all of the NaR-containing flavobacterial strains also contained a PR gene with a blh gene adjacent to it. With respect to NTQ motif alphaproteobacterial rhodopsins, blh genes were found adjacent to NTQ motif rhodopsin in HTCC2506
T and DSM 16222 T , but no blh genes were detected in strains JL354 and JLT1363. A protein of unknown function domain 2254 (DUF2254) was found adjacent to NTQ motif rhodopsin in the genomes of S1-08 T , JL354, and JLT1363. Taken together, these findings indicate that the gene sequences surrounding each rhodopsin (except for the blh gene) generally are not highly conserved. Given the available data, whether S1-08 T acquired the NTQ motif rhodopsin gene by horizontal acquisition remains unclear.
To further examine rhodopsin versus retinal biosynthesis pathway evolutionary relationships, we compared blh and crtY gene phylogenies among rhodopsin-containing strains (SI Appendix, Figs. S3 and S4 ). These phylogenetic trees suggest that NTQ motif rhodopsin-or xenorhodopsin (XeR)-containing proteobacteria harbor blh and crtY genes that form a distinct clade compared with other PR-harboring proteobacteria. In contrast, blh and crtY genes form a coherent lineage among Bacteroidetes. Similar trends were observed in phylogenies based on crtI and crtB genes previously reported by Klassen (25) . These data suggest that retinal biosynthesis pathways in NTQ motif rhodopsin or XeR-containing versus solely PR-containing proteobacteria have different evolutionary pathways that are distinct from the monophyletic carotenoid/retinal biosynthetic pathway in the Bacteroidetes.
Functional Analyses of NM-R1, NM-R2, and NM-R3. For characterization of the functional properties of NM-R1, NM-R2, and NM-R3, each opsin gene sequence was chemically synthesized and overexpressed in Escherichia coli. The three N. marinus rhodopsins have similar absorption spectra ( Fig. 2A) , similar to those of other known green-light absorbing rhodopsins (6, 9) . Light-induced pH changes in E. coli cell suspensions expressing NM-R1, NM-R2, or NM-R3 were determined (Fig. 2B) . In NM-R1, a light-induced pH drop was observed, and in the presence of the protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP), this pH change was abolished. These data indicate that NM-R1 is a light-driven H + pump, consistent with the phylogenetic position of this rhodopsin in the PR clade. In contrast, light-induced pH increases were seen in NM-R2-and NM-R3-expressing cell suspensions, which was accelerated with CCCP but abolished with CCCP and tetraphenylphosphonium bromide (TPP + ) (Fig. 2B ). These findings demonstrate that passive inward H + translocation occurs in response to transmembrane electrical potential, and suggest that NM-R2 and NM-R3 pump ions other than H + (9, 26). To determine the ion specificities of NM-R2 and NM-R3, we performed similar measurements in various salt solutions, as described previously (9) . In the case of NM-R2, the same lightinduced pH increases as observed in NaCl solutions were also observed in NaBr and Na 2 SO 4 solutions, but not in KCl solutions (Fig. 3A) . This result indicates that NM-R2 is a light-driven outward Na + pump, like NaR in Krokinobacter eikastus NBRC 100814 T (9) . Although the NaR of NBRC 100814 T was shown to pump H + outward in the absence of Na + ions, the NM-R2 NaR was not able to pump H + in a KCl solution. The third rhodopsin of N. marinus, NM-R3, showed similar light-induced pH increases in NaCl and NaBr as for NM-R2. These pH changes were also observed in KCl and NaI solutions, with a slight pH increase in an NaNO 3 solution as well; however, no light-induced pH changes were observed in Na 2 SO 4 solutions (Fig. 3B and SI  Appendix, Fig. S5 ). These halide-dependent pumping behaviors are very similar to those of HR in haloarchaea, and suggest that NM-R3 is a light-driven inward Cl − pump. We also measured light-induced pH changes in different concentrations of NaCl (SI Appendix, Fig. S6 ). In NM-R2, similar light-induced pH increases were observed in both 100 mM and 200 mM NaCl. In contrast, NM-R3 showed elevated pH increases in the presence of 200 mM NaCl compared with 100 mM NaCl. Previous studies of HR and BR in haloarchaea (26) have shown that varying extracellular salt concentration affect the activity of inward, but not outward, ion-pumping rhodopsins, suggesting that NM-R3 is an inward Cl − pump and NM-R2 is an outward Na + pump. Taken together, these findings support the conclusion that NM-R2 is an outward Na + pump and that NM-R3 is an inward Cl − pump (dubbed ClR).
Light-Enhanced Growth in N. marinus S1-08 T at Low Nutrient Concentrations. To evaluate the effect of light on the growth of S1-08 T , we examined cultures in light and dark conditions when grown in a basal seawater media amended with carbon, nitrogen, and phosphorus (0.14 mM carbon). Differences in cell densities under light or dark conditions was observed after 4 d of incubation (Fig. 4) . So far, light-stimulated growth of PR-containing bacteria has been observed only in Dokdonia sp. MED134 in low-carbon artificial seawater (27) and Psychroflexus torquis ATCC 700755
T in marine broth with added salt (28) . Similar to previous studies with MED134 (27) , in the present study, growth yields for N. marinus S1-08 T were considerably enhanced at low carbon concentrations in light (Fig. 4) . Other PR-containing strains, as well as the NaR-containing strain PRO95, have not been shown to exhibit growth stimulation in light versus dark conditions, but the reasons for this are unclear (23, 29, 30 data reported here indicate that light stimulation of growth is not unique to MED134, and likely is more widespread among rhodopsin-containing flavobacteria.
Discussion
Our genomic analysis of marine flavobacterial isolate S1-08 T revealed that this strain has multiple rhodopsins, reminiscent of the many multiple rhodopsin-containing haloarchaea found in hypersaline habitats. Functional analyses of each N. marinus rhodopsin revealed a typical outward H + -pumping rhodopsin (PR), an outward Na + -pumping rhodopsin (NaR), and a new type of inward Cl − pumping rhodopsin (ClR). The N. marinus S1-08 T genome encodes all three different ion-pumping rhodopsin types in one cell. The function of ClR appears to be similar to that of the haloarchaeal inward Cl − -pumping rhodopsin (HR) that has been considered uniquely adapted to hypersaline environments (13) . Importantly, the crucial amino acid residues for Cl − ion pumping in HR (TSA motif) were not conserved in ClR, which instead contains an NTQ motif in this region (85, 89, and 96 in BR numbering; Table 1 ). Phylogenetic analysis revealed that the lineages of ClR and HR are quite distinct from one another. These results strongly suggest that these two different light-induced inward Cl − -pumping rhodopsins, one found in archaea (HR) and the other found in bacteria (ClR), have evolved independently.
We found ClR genes in the genomes of four other marine isolates as well (Fig. 1) . Like N. marinus S1-08 T , the alphaproteobacterium strain DSM 16222 T encodes more than one rhodopsin, including one with an NTQ motif. Other AAP proteobacteria (HTCC2506 T and JL354), as well as the proteobacterium JLT1363 (17) , which has been reported to have lost most of its phototrophic genes (19) , encode only one opsin, a putative ClR, in their genomes. The interplay between bacteriochlorophyll-based photosystems with different opsins of various ion specificities is not known at present, but available data suggest that at least CIRs may be functionally compatible with the bacteriochlorophyll-based photosystems of AAP bacteria.
Comparative analyses showed that the genomic regions flanking the ClR are not highly conserved. Furthermore, the NM-R3 (ClR) gene was not found in predicted horizontal gene transfer (HGT) island regions in the genome (SI Appendix, Fig. S1 ).
Orthologous gene comparisons between S1-08 T and other NaRcontaining flavobacteria suggest that the upstream region of ClR gene has not been particularly well conserved (SI Appendix, Fig.  S7, dashed line) . Thus, the data presented here provide no clear evidence as to whether HGT acquisition or loss underlies the patterns of distribution and diversification of ClRs reported here.
Phylogenetic analyses of retinal biosynthesis pathway genes among different NaR and ClR flavobacterial strains suggest that they represent distinct lineages that differ from their homologs found in PR-containing alphaproteobacteria and gammaproteobacteria. The retinal biosynthetic pathway appears to be evolutionarily conserved within rhodopsin-bearing Bacteroidetes. Like other flavobacteria, the ClR-and NaR-containing flavobacterial strains have other carotenoid pigment-producing genes in addition to crtB, crtI, and crtY, unlike PR-containing proteobacteria, which contain a minimal gene set for producing retinal (25) . For example, some ClR-containing strains (i.e., S1-08 T , HTCC2506
T , and DSM 16222 T ) also encode a β-carotene hydroxylase gene (crtZ) that converts β-carotene to zeaxanthin. In this context, the extremely halophilic bacterium Salinibacter ruber has recently been shown to use different carotenoid types as accessory pigments in the xanthorhodopsin photocycle (7). Thus, it seems possible that in the rhodopsin-containing Bacteroidetes, alternative carotenoid pigments could be involved in photocycle, function, and the evolution of different opsin types, such as NaR and ClR.
Environmental metagenomics and whole genome sequencing of bacterial isolates have shown that light-induced outward H + pumping rhodopsins, such as BR, PR, and XLR, are abundant and widely distributed in surface-dwelling aquatic microbes (31) (32) (33) (34) . Given their ability to capture energy from sunlight, it is apparent that the lightdriven H + -pumping activity of these rhodopsins is favorable for survival in the photic zone of aquatic environments. Light-induced inward Cl − -pumping rhodopsins like HR were once thought to be restricted to extreme halophiles. Here we have shown that lightinduced Cl − -pumping rhodopsins appear also to have evolved independently within bacteria. Furthermore, in addition to a chloride pumping rhodopsin, some marine isolates also contain a proton and a sodium pumping rhodopsin as well.
Given that Cl − and Na + are the two most predominant dissolved ionic components of seawater, it is not surprising that light-induced inward or outward translocation of these ions has evolved among marine bacteria. Notably, all three rhodopsins in N. marinus S1-08
T have very similar absorption spectra, with a maximum around 525 nm. This finding implies that all three rhodopsins can function efficiently and simultaneously in the ) Fig. 4 . Light-stimulated growth in N. marinus S1-08 T . S1-08 T was grown in sterile ASW containing 0.14 mM carbon at 22°C. Error bars denote SD for triplicate cultures.
same light field, each contributing to the transmembrane potential using different ion gradients. Whether each rhodopsin is actually expressed simultaneously or, alternatively, serves a different physiological role (e.g., during different growth stages of the cell) remains to be determined.
Taken together, our findings suggest that marine bacterial chloride-pumping rhodopsins have evolved independently from those found in hypersaline habitats. Similar to the situation in haloarchaea, multiple different rhodopsin types, each with different ion specificities, can be found within a single strain of marine bacteria, particularly within the Bacteroidetes. Given that marine ClR and NaR, like BR and PR, can generate a transmembrane potential, the light-mediated energy generation by these rhodopsins represents a unique mode of energy acquisition for marine bacteria. Future laboratory and field studies of ClRand NaR-containing marine bacteria are required to further illuminate the physiological and ecological significance of these functionally versatile bacterial rhodopsins.
Materials and Methods
Strain Information of N. marinus Strain S1-08 T . Strain S1-08
T was isolated from a surface seawater sample collected from the northwestern Pacific Ocean (30°11′ N, 145°05′ E) by the R/V Mirai (Japan Agency for Marine-Earth Science and Technology) on February 9, 2010 (MR10-01 cruise). S1-08 is type strain of N. marinus. Details of culture conditions and phenotypic traits have been described previously (35) .
Genome Sequencing and Annotation. The genome sequence of S1-08 T was determined using Roche 454 FLX titanium sequencer (8-kb mate-paired library; 44,326,991-bp sequences; 15-fold coverage) and Illumina MiSeq (Nextera paired-end library; 489,343,336-bp sequences; 168-fold coverage) sequencing platforms. Assembly was performed using Newbler version 2.8. Gaps between adjacent contigs were closed by sequencing PCR amplicons from genomic DNA. The final assembly comprised two contigs in one scaffold chromosome without plasmids. Annotation of coding DNA sequence (CDS) and calculation of the genomic guanine-cytosine (GC) content were performed with the RAST (Rapid Annotation using Subsystem Technology; http://rast.nmpdr.org/) server using default parameters (36) . The genome sequence of N. marinus S1-08 T was deposited in GenBank (accession no. AP014548).
Genome Analysis. Circular genome maps were visualized using Circos (37) . Genomic island and membrane proteins were predicted using IslandViewer (www.pathogenomics.sfu.ca/islandviewer/query.php) (38) and SOSUI engine version 1.10 (39), respectively. GC skew and GC content were calculated in each 100-bp window. For syntenic analysis, DomClust (40) was adopted to detect orthologous genes.
Phylogenetic Analyses. The amino acid sequences were aligned using MUSCLE (41) , and the evolutionary distances were calculated with the JTT matrix-based method (42) . Phylogenetic trees were constructed using the neighbor-joining method, with bootstrap values based on 1,000 replications (43, 44) . All analyses were performed using MEGA5 software (45) .
Gene Preparations and Protein Expression of NM-R1, NM-R2, and NM-R3. The codon-optimized genes with NdeI and XhoI restriction enzyme sites were chemically synthesized by Operon Biotechnology. These fragments were inserted into NdeI and XhoI sites of pET21a vectors (Novagene); consequently, the plasmids encoded hexahistidines at the C terminus. These vectors were transformed into E. coli C41(DE3) (Lucigen). All rhodopsins were overexpressed in cells grown at 37°C in 200 mL of 2xYT medium supplemented with ampicillin (final concentration, 100 μg/mL) and induced at an OD 600 of 0.4-0.6 with 0.2 mM isopropyl β-D-1-thiogalactopyranoside and 10 μM all-trans-retinal.
Functional Analyses of NM-R1, NM-R2, and NM-R3. The rhodopsin-expressing cells were collected by centrifugation (3000 × g for 5 min), washed three times, and then resuspended in the solvent for measurement. Then 4 mL of cell suspension was placed in darkness and illuminated using a tungsten halogen lump (LS2; Hansatech) through a glass filter (46-217; Edmund Optics) for 2 min. Measurements were repeated under the same condition after the addition of CCCP (final concentration, 30 μM) and further addition of TPP + (final concentration, 20 mM). The light-induced pH changes were measured with a Horiba F-72 pH meter. All measurements were performed at 4°C. For pumping activity analyses at different NaCl concentrations, rhodopsin-expressed cells were maintained in 100 mM NaCl at 4°C overnight. These measurements were obtained within a few minutes after washing with the solvent.
Protein Purification and Spectral Analysis of NM-R1, NM-R2, and NM-R3. The expressed rhodopsin proteins with six histidines at the C terminus were purified using a His GraviTrap affinity column (GE Healthcare) according to the modified manufacturer's protocol (adding 1.0% and 0.1% n-dodecyl β-D-maltoside binding and elution buffer, respectively). Absorption spectra of purified rhodopsins were measured with a Beckman Coulter DU 800 UV-visible spectrophotometer.
Culture Experiments in Low Carbon Concentration. S1-08 T was grown in 500 mL of artificial seawater (ASW; 35 practical salinity units, prepared from sea salts; Sigma-Aldrich) containing a low concentration of dissolved organic carbon (0.14 mM carbon), NH 4 Cl (225 μM), and Na 2 HPO 4 ·H 2 O (44.7 μM) according to the methodology of Kimura et al. (46) . Acid-washed borosilicate glass culture bottles (1 L; VWR) were used in this experiment. The growth medium was filtered through a 0.2-μM pore size bottle-top vacuum filter system (Nalgene) and autoclaved. A colony grown on a marine agar plate (Difco) streaked from frozen stock was inoculated in a full-strength broth medium (containing 0.5% peptone and 0.1% yeast extract in ASW). The starter culture was covered with aluminum foil (Reynolds) and grown in the dark at 22°C until near the middle of the exponential phase. Cell density of the starter culture was determined by the direct cell counting method. The starter culture was stored at 4°C for several days, and used as the inoculum in subsequent growth experiments. Experimental cultures were inoculated to a starting concentration of 1,000 cells/mL and grown in either the light (∼150 mmol of photons m −2 s −1 ) or the dark at 22°C.
Bacterial cell density was determined by epifluorescent direct counts on a preblackened isopore membrane filter (pore size 0.22 μM; Millipore). Bacterial cells on the filter were stained with SYBR Green I (1:100 dilution; Molecular Probes) for 15 min and counted under an epifluorescence microscope (Axioskop 2; Zeiss). All culture experiments were performed in triplicate. Table 1 . Amino acid sequences in each type of rhodopsin from residues D85-D96 in BR (PR) numbering
The positions corresponding to D85, T89, and D96 in BR are colored red. Bold characters indicate three rhodopsins of S1-08 T . *Indicates the functions of rhodopsins investigated in this study.
